This review highlights the functionalization chemistry of graphene with polymers by both covalent and non-covalent approaches. Due to the strong cohesive interactions graphene platelets agglomerate, causing difficulty to attain its optimum properties. The covalent functionalization is illuminated both from 'grafting to' and 'grafting from' techniques discussing the merits and demerits of the processes. The controlled free radical polymerization techniques used for this purpose e.g. ATRP, SETeLRP and RAFT etc. are discussed along with the conventional free radical polymerization. We have also noted the various approaches used in non-covalent functionalization e.g. pep, H-bonding and hydrophobic interactions.
Introduction
Graphene, a molecular sheet of graphite, has potential applications in different fields of material science for developing nanocomposites, sensors, supercapacitors, hydrogen storage and optoelectronic devices [1e5] . The function of graphene in it's burgeoning applications is based on it's one or more fundamental properties such as it's excellent thermal [6] , mechanical [7] , electrical [8] , transport [9] , gas barrier [10] and thermoelectric properties [11] . Because of these intriguing properties a great deal of interest is generated on the graphene research and to exploit these important properties inclusion of graphene sheets within a polymer matrix with homogeneous dispersion and a fine interface control is utmost necessary. In graphite, the graphene layers have strong cohesive force hence it is difficult to get exfoliated graphene sheets. To reduce the cohesive force between the graphene sheets and also to impart specific interaction with the host polymer matrix functionalization of graphene is very much essential. Graphite on oxidation produces graphite oxide (GO) having hydrophilic functional groups (eOH, epoxide, eCOOH) which promotes the intercalation of water molecules into the gallery and the graphene sheets can be easily detached from each other by sonication, thus producing highly dispersible GO sheets in aqueous medium [12e 15]. These exfoliated GO sheets are usually used for different applications and/or are further functionalized to use for targeted applications. The GO is electrically insulating but becomes conducting when it is reduced to produce reduced graphene oxide (rGO) by sodium borohydride and/or hydrazine hydrate. However, the GO sheets in organic solvent and rGO sheets in both aqueous and organic solvent undergo aggregation due to the high cohesive interaction making them difficultly dispersible. This lack of homogenous dispersion limits its utilization in many potential commercial applications due to the fragile interfacial interaction between the GO or rGO and the host polymer matrix cast from these solvents [16, 17] .
Also, there exists a number of bottom up methods such as chemical vapor deposition (CVD) [18e23], chemical conversion [24, 25] , arc discharge [26, 27] , epitaxial growth [28e31], unzipping of carbon nanotubes [32e34] and self assembling of surfactants [35] to produce graphene sheets with lesser amount of defect than that obtained from the top down method mentioned above. These roots are more remarkable than the mechanical cleavage manufacture method [36] for fundamental studies and electronic applications of graphene sheets. But these are not suitable for the fabrication of graphene/polymer nanocomposites because a large amount of graphene sheets preferably with surface modified sheet is required to impart strong interfacial interaction required for effective mechanical load transfer. To achieve optimum physical and mechanical properties of graphene polymer nanocomposites, the solubility of graphene sheets should be maximized in a common solvent with that of the matrix polymer and the stress transfer should also be maximized through the interface due to the specific interaction between the sheet and polymer matrix. Besides, the enhanced solubility of graphene sheets helps to explore the solution phase properties of graphene as well. Therefore the functionalization of graphene sheets with suitable functional group is very much necessary for the fabrication of high performance conducting nanocomposite and also to use its physico-chemical properties to fabricate different type of sensors [37, 38] . The chemistry of functionalization of graphene sheets includes both: (i) covalent [39e42] and (ii) noncovalent [43, 44] functionalization and depending on its hydrophilic or hydrophobic properties, the modified graphene sheets can be dispersed in specific solvents. In case of non-covalent functionalization of graphene sheet the efficiency of load transfer is expected to be low as the force between the wrapping molecules and the graphene surface is weak and the covalent functionalization is certainly better in this regard. However, a drawback of covalent functionalization on graphene surface is the deterioration of the properties related to the transport of electrons or phonons due to the conversion of sp 2 carbon into sp 3 carbon.
In the covalent modification, a significant progress in the attachment of small organic molecules on graphene surface has been made. Using the rich chemistry of hydroxyl, carboxyl, and epoxy groups, GO is selected very often as the starting material for the covalent attachment of organic groups on its surface and porphyrins, phthalocyanines, and azobenzene have been covalently attached on the graphene surface exhibiting very interesting optoelectronic properties [45e48] . Due to the high visible light extinction coefficients, porphyrins and phthalocyanines are used as antennas for harvesting energy from photons. Porphyrins are attached with GO through the amide bond formation between amine functionalized porphyrins and carboxylic groups of GO [47] and a better nonlinear optical properties is reported for porphyrin or C 60 functionalized GO in comparison with their individual components. Organophilic graphene nanosheets are prepared by reacting GO with octadecylamine (ODA) followed by reduction with hydroquinone using a reflux process. UVeVis and FTIR spectroscopy confirm the covalent attachment and X-ray diffraction, Raman spectroscopy, and TEM analysis indicate that the intact crystal structure of the graphene nanosheets in this attachment [49] . Simultaneous functionalization and reduction of GO have also been realized by simple refluxing of GO and octadecylamine without using any reducing agents [50] . The long octadecyl chain transforms the hydrophilic GO to hydrophobic substance and GOeODA became electrically conductive due to the reduction. Polystyrene (PS) and poly(methyl methacrylate) (PMMA) blends filled with GOeODA have been fabricated to obtain conductive composites with a lower electrical percolation threshold consistent with the concept of double percolation [51] . One important drawback for the small molecular functionalization that is often encountered is that it faces difficulties in the stability of the dispersion [52e54] . Also due to the lower number of functional groups present in this system compared to that of polymer functionalized graphene the stress transfer is expected to be lower due to weaker interfacial interaction.
So for a stable and homogeneous dispersion of graphene sheets into the polymer matrix it requires polymer functionalization which not only reduces the cohesive interaction significantly due to its size but also increases the interfacial interaction between the filler and matrix due to the presence of a large number of functional groups present in the polymer chain. The specific interaction between the polymer functionalized graphene and the host polymer causes a compact interface making easier stress transfer. The highly soluble and processable graphene sheets can be obtained by grafting the synthetic polymers and also by derivatization of grafted polymers to impart a wide array of functional groups causing stronger specific interaction with the host polymer matrix. Therefore, the functionalization of graphene surface with these welldefined functional polymers allows the fabrication of high performance conducting composite materials, and a great deal of interest has generated on the polymer functionalized graphene research. GO is a two-dimensional network of sp 2 and sp 3 bonded carbon in contrast to graphene containing 100% sp 2 hybridized carbon. Due to the presence of the finite band gap, GO exhibits photoluminescence (PL) property in the visible and near-infrared region. At low pH (pH 4) GO has property due to protonation of the functional groups and on noncovalent attachment with polymer the degree of passivation increases causing an increase of PL-intensity [37, 38] . In this review, we have highlighted recent advances on the synthetic strategies and properties of some polymer functionalized graphene and their composites. The discussion is based on some recent examples of covalent functionalization of graphene surface with polymers using both "grafting to" & "grafting from" techniques including some examples on non-covalent functionalization. There are few reviews in the related area by Kim et al. [55] , Kuilla et al. [56] , Georgakilas et al. [57] , and Badri et al. [58] , but for timely progression of this important area of graphene functionalization with polymers and understanding of their related properties is utmost necessary. A comprehensive account of the functionalization of graphene and GO with polymers using both covalent and noncovalent techniques is embodied here. So the focus of the review lies on the polymer functionalization of graphene using different techniques with a short discussion of the physical properties of the modified graphene.
Covalent functionalization
The chemical oxidation of graphite by oxidizing with KMnO 4 / NaNO 3 mixture in concentrated H 2 SO 4 using Hummer's method [59] followed by ultra-sonication can produce bulk quantities of GO and chemical reduction [60] using hydrazine hydrate/NaBH 4 or thermal reduction [61] (at 950 C in inert atmosphere for 10 s) yields rGO. The GO contains sufficient amount of hydroxyl, epoxy and carboxyl groups; therefore, it is hydrophilic in nature making it incompatible with most hydrophobic polymers. The above functional groups of GO convey opportunity to chemically functionalize with polymers but rGO lacks sufficient functionality for this purpose. Hence, chemical attachment with small molecule containing functional groups brings sufficient functionality facilitating both GO and rGO to give remarkable opportunities for further modification with polymer either by 'grafting to' or by 'grafting from' techniques.
'Grafting to' method
Generally in grafting to method at first the polymer chains are synthesized and finally these pre-synthesized polymers are appended with the functional groups of GO or rGO or with its aromatic surface. The simple techniques of "grafting to" technique are the direct covalent linkage of the functional polymers on the GO surface using esterification, amidation, click chemistry, nitrene chemistry, radical addition etc. which are discussed here.
Esterification reaction
Salavagione et al. have modified the GO by direct esterification reaction between the carboxylic acid group of GO and the hydroxyl groups of poly(vinyl alcohol)(PVA) in presence of N,N 0 -dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) catalyst. Finally, they have reduced it using hydrazine hydrate to produce reduced graphene hybrid ( Fig. 1 ) which is soluble in DMSO and water at warm condition. It is noticed that the degree of esterification mainly depends on the tacticity of PVA which alters the glass transition temperature (T g ), crystallinity and thermal stability of the polymer. The RGOePVA hybrid containing 10% (w/ w) filler restricts the segmental motion of the PVA chains due to the presence of the rigid graphite structure and shows an increase of T g by 35 C. The crystalline PVA (51% crystallinity) is transformed into amorphous material and the degradation temperature increases by 100 C. In another method they have converted GO into acid chloride by reacting with SOCl 2 , followed by coupling with hydroxyl group of PVA and on reduction obtained almost similar change in properties discussed above [62] . The same group has also modified the graphene with poly(vinyl chloride) (PVC) for the formation of high performance nanocomposite via esterification reaction by introducing hydroxyl group on PVC backbone by nucleophilic substitution [63] . This PVC modified graphene also shows a 30 C increase of T g for the 1.2 wt% GO content indicating that GO retards the mobility of the polymer chains and also exhibits a significant mechanical reinforcement causing a 70% increase of the storage modulus (G 0 ). The esterification reaction between GO and PVA is also used by another group of workers to prepare mechanically strong elastic thin film of GO and shows a dramatic shift in T g from 70 C to 90 C supporting that the attachment with the GO nanosheets reduces the polymer chain mobility substantially [64] . The water-soluble and biocompatible polysaccharides (e.g. hydroxypropyl cellulose (HPC) and chitosan (LMC)) are prepared by grafting onto GO surface via esterification reaction and an attachment of 30% HPC and 20% LMC respectively is found from the TGA analysis [65] . From the Raman spectra it is observed that the degree of the defect characterized by the intensity ratio of D-band and Gband (I D /I G ) is enhanced to some extent. Covalent functionalization of GO with poly(piperazine spirocyclic pentaerythritol bisphosphonate) (PPSPB) is made by the esterification between GO and PPSPB to obtain GOePPSPB and it's reduced form is used to prepare nanocomposites with ethylene vinyl acetate copolymer (EVA) showing improved thermal stability and enhanced flame retardancy [66] . The esterification reaction between hydroxyl terminated poly(3-hexyl thiophene) and carboxylic acid group of GO is also used to prepare a donor (thiophene) e acceptor (graphene) nanohybrid [67] and the resultant P3HT-grafted GO sheets (G-P3HT) possess good solubility in common organic solvents (e.g. THF), facilitating the photovoltaic device fabrication with fullerene and showed a 200% increase of the power conversion efficiency with respect to the P3HT/C 60 counterpart.
Amidation reaction
Liu et al. have synthesized polyethylene glycol (PEG) functionalized nanographene oxide (NGO) from small pieces of GO using carbodiimide catalyzed amidation reaction between PEG-amine stars and GO (Fig. 2) . The resulting PEGylated NGO shows outstanding stability in all biological solutions and is used for the delivery of insoluble cancer drug (SN-38) bound through pe stacking [68] . Jin et al. have also synthesized different molecular weight PEGylated GO nanosheets by covalent functionalization of GO sheets with PEGdiamine via amide formation. The PEGylated GO nanosheets with free amines could selectively improve trypsin activity and thermostability on three important serine proteases (trypsin, chymotrypsin, and proteinase K) while exhibiting barely any effect on chymotrypsin or proteinase K [69] .
Similarly water soluble poly(ethylene amine) modified graphene is produced by amidation reaction between carboxylic acid group of GO and amine group of poly(ethylene amine) (PEI) using carbodiimide catalyzed amide formation [70] and this modified graphene is used to prepare graphene/Ag nanocomposite to improve the stability and decrease the cytotoxicity of silver nanoparticles. This composite material exhibits higher antibacterial activity than that of poly(vinyl pyrrolidone) (PVP)-stabilized AgNP, and the AgNPs on PEIerGO are more stable than the AgNPs on PVP, resulting in a long-term antibacterial effect. Covalently functionalized water-soluble graphene sheets with biocompatible poly-Llysine are synthesized through a covalent amide linkage between GO and poly-L-lysine in an alkaline solution and this grapheneePLL assembly is successfully further conjugated with horseradish peroxidase (HRP) for the fabrication of chemically modified gold electrode for the biosensing of H 2 O 2 [71] . Triphenylamine-based polyazomethine conjugated-polymer-functionalized graphene oxide has been made by esterification reaction and is used to fabricate nonvolatile rewritable memory device which shows a typical bistable electrical switching and a non-volatile rewritable memory with a turn on voltage of about À1.0 V and an ON/OFF current ratio more than 10 3 [72] . Wang et al. have covalently attached epoxybased precursor polymer (BPAN) with GO through an ester linkage and then functionalized it with hyperbranched azo-polymer by azo-coupling reaction with hyperbranched diazonium salts under extremely mild condition [73] . The degree of functionalization is about 1 azobenzene repeat unit per 30 carbons of GO as evidenced from the XPS study.
Click chemistry
In another type of "grafting to" technique azido terminated polymer chains are grafted with alkyne derivative of graphene using click chemistry approach and Pan et al. have synthesized water-soluble graphene for drug delivery by grafting poly(N isopropylacrylamide) (PNIPAm) by this approach [74] . For this purpose they have synthesized alkyne derivative of GO via amide linkage and coupled a PNIPAm homopolymer (produced by ATRP) containing azide end group as presented in the schemes in Fig. 3 . This PNIPAm functionalized GO shows a lower critical solution temperature (LCST) at 33 C which is lower than that of pure PNIPAm homopolymer (37.8 C) and this lowering of LCST is attributed to the hydrophobic interaction of GO attached to PNIPAM. The PNIPAm functionalized GO can load a water-insoluble anticancer drug (camptothecin, CPT) with a superior loading capacity due to pep stacking and hydrophobic interaction between PNIPAm functionalized GO and the aromatic drug. The in vitro drug release experiment showed that 16.9% and 19.4% CPT are released after 72 h at 37 C in water and PBS buffer (pH7.4), respectively. The PNIPAm functionalized GO does not exhibit any practical toxicity, so it is an effective vehicle for anticancer drug delivery. Similarly the azide terminated poly(ethylene glycol) (PEG) [75] and azide terminated polystyrene (PS) are grafted with alkyne derivative of graphene [76] . The azide terminated PS, poly(methyl methacrylate) (PMMA), poly(methyl acrylic acid) (PMAA), poly(4-vinyl pyridine) (P4VP), poly(dimethyl aminoethyl methacrylate) (PDMA) polymers have been synthesized by RAFT polymerization using azide-terminated chain transfer agents and they are subsequently grafted onto graphene surface using click chemistry [77, 78] .
The solubility of the polymer functionalized graphene can be adjusted from water-soluble to oil-soluble, acidic to basic, polar to apolar by selecting a suitable polymer for grafting. This click chemistry approach is easily feasible with mild reaction conditions and has good control of the grafted polymer structure.
Nitrene chemistry
The nitrene chemistry approach is also used to graft azido terminated PEG and PS chains on the graphene surface [79] . PEG grafted graphene shows good dispersibility and full exfoliation in water and PS graft graphene shows good dispersibility in THF, DMF, chloroform, toluene etc. A conjugated polyacetylene functionalized graphene is prepared utilizing the nitrene chemistry through the reaction between the reactive azide groups and graphene moieties (Fig. 4) and it shows good dispersibility in various organic solvents [80] . Similar emission curves, with identical emission maximum suggest that the attachment of polyacetylene chains to graphene nearly did not affect their electronic structure, however, their fluorescent quantum yields are somewhat higher than that of polyacetylene.
Radical addition
The reduction of GO under mild biphasic conditions in the presence of PMMA yields the graphene grafted PMMA by a radical addition pathway [81] . This hybrid material exhibits an excellent electrical conductivity resulting from the optimal dispersion and exfoliation of graphene in the polymer matrix. The acrylic acid and acryl amide are in-situ polymerized in presence GO using (NH 4 ) 2 S 2 O 8 as an initiator and graphene grafted polymer is formed by radical coupling reaction and they exhibit high quality dispersion in water [82] . The PAA and PAM modified graphene introduce negative and positive charges respectively on the graphene surface and are self-assembled by layer by layer technique via electrostatic interaction to form a multilayer structure. The mixture of styrene and acryl amide in presence of GO using benzyl peroxide initiator yields amphiphilic graphene grafted PSePAM block copolymer [83] . This modified graphene is dispersible with a wide variety of solvents and polymer matrices and could be used as an alternative starting material for the fabrication of graphene composite materials. Recently, glycidyl methacrylate is polymerized on GO surface using azobisisobutyronitrile (AIBN) as an initiator where the chain radical combines with graphene [84] . The GO-g-PGMA macromolecules show a very low intrinsic viscosity in DMF solution (w100 mL/g) which is much lower than that of pristine GO dispersion (w780 mL/g) and is close to the value of a common linear polymer. This result indicates that the 2D molecular brushes do not have intermolecular chain entanglements and are similar to the globular macromolecules enabling the 2D brushes useful as nanofillers to improve the processability and performance of common polymers. In a similar way other vinyl monomers can also be polymerized and the hairy polymers are grafted on the graphene surface [85] . These polymers grafted GOs show high quality of dispersion and compatibility in free polymer matrix and therefore can produce high performance nanocomposite. Covalently functionalized GO with stimuli-responsive polymers such as poly(-acrylic acid)(PAA) and PNIPAm are synthesized through a simplistic redox polymerization initiated by cerium ammonium nitrate in aqueous solution at mild temperature [85] . The GOePAA and GOePNIPAm in aqueous solutions could assemble and disassemble by varying the pH and temperature of the solutions respectively. Dopamine induced reduction of GO can produce self-polymerization of dopamine to produce polydopamine (PDA) and simultaneous capping of GO by polydopamine occurs increasing the thermal stability of PDA caped GO nanosheets. The reaction between thiolterminated or amino-terminated poly (ethylene glycol) (PEG) and PDA-capped rGO produces PEG functionalized rGO using "graftingto" process [86] . This PEG-functionalized rGO exhibits good quality of dispersion both in organo-and aqueous-medium. Deng et al. have synthesized PNIPAM-functionalized graphene sheet by presynthesizing PNIPAM using atom transfer nitroxide radical coupling (ATNRC) followed by polymerization onto the graphene surface [87] . It exhibits excellent dispersibility in various organic solvents and water. Attractively, the aqueous dispersibility shows a temperature responsive behavior around 37 C due to the presence of thermoresponsive PNIPAM chains. Zhang et al. have reported a facile approach to decorate graphene oxide (GO) sheets with poly(vinyl acetate) (PVAc) by g-ray irradiation-induced graft polymerization [88] . The GO-g-PVAc sample was extremely stable dispersed in common organic solvents and shows a great potential in the preparation of graphene-based composites by solution-processes. Chen et al. have also functionalized graphene by successive intercalation, grafting and exfoliation of graphite oxide in monomers by g-ray irradiation [89] .
Other methods
The condensation reaction between the carboxyl acid groups of GO with active amino groups of nylon chains at terminals produces nylon functionalized graphene [90] . This modified graphene sheets show good compatibility with nylon matrix forming the high performance graphene nanocomposite. Sun et al. have synthesized GO hydrogel by direct covalent linking of GO with poly(N isopropyl acryl amide-co-acrylic acid) (PNIPAm-co-AA) in water [91] . This hydrogel shows dual thermal and pH response with good reversibility. Li et al. have synthesized the "charm-bracelet"-type poly(N- 
vinyl carbazole) (PVK) functionalized reduced graphene oxide (RGO) (Fig. 5 ) [92] . This method occurs via formation of anions on the PVK backbone by using sodium hydride followed by its successive nucleophilic addition into the p-conjugated ring of the RGO sheets. The solubility of PVK functionalized GO increases drastically because PVK acts as a surfactant and shows excellent broadband optical limiting responses at 532 and 1064 nm. Yang et al. have synthesized a series of poly(L-lactide) (PLLA)-thermally reduced graphene oxide (TRG) composites (GLLA) by the in situ ringopening polymerization of lactide [93] . The conductivity GLLA composites increased with increasing TRG content and insulatinge conductive percolation behavior was observed between 1.00 and 1.50 wt% TRG contents. The thermal stability of the composite films also increases dramatically.
'Grafting from' method
Generally, the "grafting from" technique is associated with the polymerization of monomers from the macroinitiators derived from the surface of graphene. These initiators are covalently attached directly from the hydroxyl or carboxylic acid groups of graphene oxide or grafting the small molecules at first to bring desired functionality followed by attachment of the initiator. One of the major advantages of this "grafting from" technique is that the steric hindrance cannot limit the chain growth of the polymer. Liu et al. have fabricated mechanically strong graphene oxide hydrogel nanocomposites by grafting polymer using in situ free radical polymerization initiated by graphene peroxide [94] . The graphene peroxide (GPO) is produced by irradiating the GO aqueous dispersion with g-rays in the presence of oxygen and it is used as a polyfunctional initiating & cross-linking center to produce graphenebased polymer hydrogels. The obtained hydrogel nanocomposite in one hand exhibits very high tensile strengths, medium elastic moduli, and extremely high extensibility of 5300% and on the other hand, it exhibits very low hysteresis and excellent resilience property. Ma et al. have synthesized pristine graphene functionalized conjugated polymers using the Bergman cyclization of enediyne-containing molecules [95] . This modified graphene samples show good solubility in a variety of organic solvents and show good electrical conductivity. Polyaniline is grafted from the amino-functionalized reduced graphene oxide (a-RGO) where the morphology of polyaniline (PANI) changes from a nanotube to a flat rectangular nanopipe (FRNP) by the polymerization of aniline with ammonium persulphate in acetic acid medium [96] . An efficient (w500 times) improvement in photocurrent is observed in FRNP over PANI nanotubes on irradiation with white light and the photoresponse is quite reproducible even after several cycles with a time interval of 100 s and in both the negative and positive bias photocurrent increases with increase of bias voltage. Covalent grafting of monomer 3-(2-hydroxyethyl)-2,5-thienylene (HET) with acyl chloride functionalized reduced graphene oxide (frGO) produce HET-g-rGO which on oxidative polymerization with FeCl 3 produces the poly [3-(2-hydroxyethyl)-2,5-thienylene] grafted reduced graphene oxide. It acts as an efficient alternating material of TiO 2 for the dye sensitized solar cell and yields an overall power conversion efficiency of 3.06% with the N-719 dye [97] . The most important methods employed for "grafting from" techniques are the atom transfer radical polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT).
Atom transfer radical polymerization
A general scheme for Cu based ATRP as proposed by Matyjaszewski and Sawamoto may be given as follows [98, 99] :
The ATRP method is based on a dynamic equilibrium between the alkyl halide (P n eX) species (dormant chains) and propagating radicals, being established via reversible homolytic halogen transfer between a dormant chain and a transition metal complex at its lower oxidation state. This causes the formation of propagating radicals and higher oxidation state metal halogen complex. At first, an alkyl halide initiator is reacted with Cu I complex present at it's lower oxidation state to produce alkyl radical and a Cu II based complex; the later acts as a persistent radical. So, in the medium there remains a relatively low concentration of P n which reacts with monomers in the propagation step minimizing terminations. Other transition metal complexes like Ru, Fe, Mn etc. may also be used, however, Cu based ATRP has received maximum attention so far. A large number of reports of grafting from technique in the literature deal with polymer functionalization of graphene by ATRP technique [100e109]. Surface initiated ATRP can control both the molecular weight and polydispersity index of the grafted polymer. In the final product halide group is present as an end group, therefore, one might think replacement of halide group by organic functional groups or might plan for the formation of block copolymer using the carbon-halide bond as an initiating site. On one hand ATRP is used for the graphene based filler modification and on the other hand in situ composite preparation when both the graphene grafted polymer and matrix polymer are the same. Fang et al. have prepared graphene/polystyrene nanocomposite by in-situ ATRP of graphene grafted initiator (Fig. 6) [100] .
At first they have introduced the hydroxyl group on rGO surface by the diazonium coupling reaction between the rGO and 2-(4-aminophenyl) ethanol followed by covalent attachment of 2-bromo isobutryl bromide (BIB) from the hydroxyl group by simple ester linkage. Finally polystyrene (PS) chains are grafted using ATRP technique from the graphene based macroinitiator. The glass transition temperature of PS in PS grafted nanocomposite increases 15 C over pure polystyrene. This functionalized graphene sheets have significant effect on the mechanical properties on PS polymer matrix and only 0.9 wt% functionalized graphene sheet loading shows 57.2% and 69.5% increases in Young's modulus and tensile strength of PS composite films compare to those of pure PS film. The same group has varied the chain length and the density of the grafted PS chains by modulating the concentrations of diazonium compound on rGO surface and monomer during the grafting reaction of the initiator before the ATRP [101] . For high grafting density and low molecular weight PS-grafted graphene samples T g increases up to 18 C while for the low grafting density, high molecular weight sample T g increases for 9 C, which is attributed to the superior heat conduction efficiency of graphene. The thermal conductivity increases substantially by a factor of 2.6 for the PS composite film containing 2.0 wt% modified graphene compared to that of the pure PS. Ren et al. have used the same protocol to polymerize the PNIPAm from graphene surface and this PNIPAm functionalized graphene is highly sensitive towards temperature change in aqueous medium [102] . The ATRP technique is used by Lee et al. for the polymerization of styrene, methyl methacrylate (MMA), and t-butyl acrylate (tBA), from the GO surface [103] . For this purpose they have attached BIB on GO surface through the esterification reaction between BIB and hydroxyl group of GO; followed by polymerization of the monomer from the macroinitiator on GO surface. The polymer modified GO shows a stable and homogeneous dispersion in DMF, toluene, chloroform and dichloromethane. They have varied the chain length of PS by varying the ratio of monomer and macroinitiator and observed that PS-g-GO with the shortest polymer chains forms the darkest colored solution as it contains the largest amount of GO. In order to make compatible blend with poly(vinylidene fluoride) (PVDF) Layek et al. have synthesized rGO grafted PMMA by attaching BIB on the hydroxyl groups of GO, followed by polymerization and subsequent reduction of the graphene grafted polymer by hydrazine (Fig. 7) . The rGO grafted PMMA shows a good dispersion in PVDF matrix and the conducting composite exhibit a 124% increase of storage modulus, 157% increase of stress at break and 321% increase of Young's modulus for 5% MG [104] . GO modified with PMMA via ATRP technique is highly dispersible in chloroform and has been used as a nanofiller for the fabrication high performance nanocomposite with PMMA matrix [105] . In this work the esterification reaction between carboxylic acid group of GO and ethylene glycol is made to fetch a large amount of hydroxyl group on the GO surface followed by immobilization of the macroinitiator (BIB) and finally the GO functionalized PMMA is obtained on polymerization of MMA by ATRP technique. Yang et al. [106] used the 'in situ' ATRP technique to synthesize poly(dimethyl aminoethyl methacrylate) (PDMA) from GO surface by introducing the amine group on GO surface by amidation reaction between the carboxylic acid groups of GO and 1,3-diaminopropane. Then ATRP initiator is grafted by reaction of 2-bromo-2-methylpropionyl bromide with both the amine and hydroxyl groups of GO and PDMA is prepared from the GO surface by in-situ ATRP of the monomer. PDMA modified GO shows good solubility in acidic aqueous solution and in short chain alcohol. Poly(EGDMA-co-MAA) particles were deposited on GO sheets via hydrogen bonding between MAA units and amine groups of PDMA to produce functional polymeregraphene composite. The solutionprocessable poly(tert-butyl acrylate)-grafted GO (GO-g-PtBA) nanosheets are synthesized via surface-initiated atom transfer radical polymerization [107] by immobilization of the benzyl chloride initiator on GO nanosheets through the action of a silane coupling agent. The grafted hydrophobic polymer brushes substantially enhance the dispersion in organic solvents, thus allowing the convenient fabrication for application in electronic devices. A nonvolatile electronic memory effect and a bistable electrical conductivity switching behavior are observed in GO-g-PtBA/poly(3-hexylthiophene) (P3HT) composite thin film containing 5 wt% GO-g-PtBA in an Al/GOg-PtBA þ P3HT/ITO sandwich structure [107] . GO-g-PtBA on hydrolysis produces water-dispersible GO-g-poly(acrylic acid) (GO-g-PAA) nanosheets and it allows the decoration of gold nanoparticles on the nanocomposite surface.
The hydroxy modified graphene with increased hydroxyl group density is synthesized by diazonium coupling reaction between rGO and 2-(4-aminophenyl) ethanol. The ATRP initiator is covalently bonded by esterification reaction between hydroxyl group of hydroxy modified graphene and 2-bromoisobutyl bromide. Then poly(2-(ethyl(phenyl)amino)ethyl methacrylate) (PEMA) brushes are grafted from the GO surfaces (G-PEMA) through surfaceinitiated ATRP [108] . Finally, the azo chromophores are introduced through azo-coupling reaction between G-PEMA and the diazonium salt of 4-aminobenzonitrile on the polymer side-chains showing photo-responsive properties. A molecularly imprinted GO/poly(-methacrylamide) (PMAAM) hybrid (GOeMIP) material [109] is synthesized by converting the carboxylic acid group of GO into acid chloride by SOCl 2 treatment. Then ATRP initiator is attached on the GO surface by reaction between the acid chloride derivative of GO and 2-hydroxylethyl-20-bromoisobutyrate and finally the PMAAM is grafted from the GO surface using ATRP technique. This GOeMIP is used to detect 2,4-dichlorophenol (2,4-DCP) selectively; the higher affinity of the GOeMIP for 2,4-DCP over the structurally related compounds is due to the transfer of electrons between the p orbitals of graphene and 2,4-DCP causing pep stacking.
ATRP promotes the synthesis of various industrially attractive polymer architectures e.g. block copolymers, thermoplastic elastomers or ionomer, or star, hyperbranched or dendrimers etc. Particularly the advent of Initiators for Continuous Activator Regeneration (ICAR) [110] ; Activator Generated by Electron Transfer (AGET) [111] ; Activator Re-Generated by Electron Transfer (ARGET) [112] ; Single-Electron-Transfer Living Radical Polymerization (SET-LRP) [113] or electrochemically mediated ATRP (eATRP) [114] limits the use of copper catalyst in few ppm level without losing control over the polymerization making the process more attractive commercially. Cu(0)-mediated radical polymerization, commonly known as Single-Electron Transfer Living Radical Polymerization (SET-LRP) has received significant attention in recent years due to its high polymerization rate at low temperature [115] . It is proposed that a disproportionation of Cu(I) in suitable solvents occurs resulting in the formation of Cu(0) & Cu(II). In contrast to the activation with Cu(I) in ATRP, here the activation occurs by reaction of alkyl halide with Cu(0), whereas deactivation occurs by reaction with Cu(II) as in ATRP [116] . Deng et al. [117] used GO to graft poly [poly(ethylene glycol) ethyl ether methacrylate] (PPEGEEMA) using grafting-from SET-LRP approach (Fig. 8) . Epoxide groups of the GO react with the amine functionality of tris(hydroxymethyl) aminomethane (TRIS), to increase the amount of hydroxyl groups. Then alkyl halide initiating groups are introduced by esterification reaction between hydroxyl groups and a-bromoisobutyryl bromide. Surface-initiated SET-LRP of PEGEEMA was carried out using CuBr/tris(2-dimethylamino)ethyl)amine (Me6TREN) in water/THF medium at 40 C in the presence of the initiator methyl 2-bromopropionate. In the solvent medium Cu(I) disproportionates rapidly into Cu(0) and Cu(II) before activation and polymerization can occur via a Cu(I) ATRP process [118] . Covalent linkage between PPEGEEMA and GO is confirmed by 1 H NMR and FTIR data. This TRISeGOePPEGEEMA hybrid material shows reversible selfassembly and de-assembly in water by switching at 34 C and it promises important potential applications in thermally responsive nanodevices and microfluidic switches. In order to prepare reduced GO sheets functionalized with poly(tertbutyl methacrylate (tBMA), Chen et al. [119] used SET-LRP in a grafting-from approach. In this work, the reduced GO is reacted with 2-(4-aminophenyl) ethanol and isoamyl nitrite mixture for reintroduction of hydroxyl functionalities which are functionalized with bromopropionyl bromide to incorporate a SET-LRP initiation site. SET-LRP of tBMA in DMSO in the presence of the initiator 2-bromopropionate was conducted using Cu(0) wire and Me 6 TREN at 25 C for 1 day. The Raman and 1 H NMR spectra confirm the successful covalent linkage of poly(tBMA) to the GO sheets. PtBMA-modified graphene nanosheets can be easily dispersed in the organic solvents after simple sonication.
Reversible addition fragmentation chain transfer
Reversible addition fragmentation chain-transfer polymerization (RAFT) is a controlled living radical polymerization that is associated with a series of reversible addition-fragmentation steps based on the degenerative chain transfer as a means of converting dormant chains to active propagating radical [120] . The RAFT polymerization depends on the high chain transfer coefficients of thiocarbonylthio compounds & trithiocarbonates and it is much used in the polymer functionalization of graphene from the grafting from approach [121e125]. PNIPAm functionalized rGO is synthesized by Yang et al. using RAFT polymerization technique (Fig. 9) .
For this purpose alkyne derivative of rGO is synthesized by diazotization of aryl diazonium salts containing alkyne groups with rGO and followed by the esterification reaction between 3-azido-1-propanol and S-1-dodecyl-S 0 -(a,a 0 -dimethyl-a 00 -acetic acid) trithiocarbonate producing azido-terminated RAFT reagent [121] The later is immobilized on alkyne derivative of rGO using click chemistry and finally NIPAm is polymerized from rGO sheets using the RAFT technique. Azido-terminated RAFT chain transfer agent (RAFT-CTA) modified RGO is dispersed in DMF under ultrasonication. NIPAm monomer and AIBN are added into the dispersion. RAFT polymerization is conducted at 60 C under nitrogen atmosphere. This PNIPAm functionalized rGO shows an LCST transition at 33.2 C in the heating process showing an almost reversible nature in the cooling process (LCST ¼ 31.4 C) and this modified graphene aggregates could be redispersed by cooling down below the LCST. Zhang et al. have synthesized poly(N-vinyl carbazole) (PVK) functionalized GO (GOePVK) by esterification reaction between hydroxyl group of GO and S-1-dodecyl-S 0 -(a,a 0 -dimethyl-a 00 -acetic acid) trithiocarbonate (DDAT) to form GOeDDAT that acts as a RAFT agent for the synthesis of PVK functionalized GO (GOePVK) (Fig. 10) [122] The resulting GOePVK hybrid shows a good solubility in organic solvents and exhibits a typical bistable electrical switching and nonvolatile rewritable memory effect. The RAFT polymerization technique is also used to prepare a molecularly imprinted GO/poly(methacrylamide) (PMAAm) (GOeMIP) hybrid [123] . Here, the carboxylic acid group of GO is modified into the acid chloride followed by attachment with 2-hydroxylethyl-20-bromoisobutyrate producing GOeBr. The dithioester is attached with this GOeBr by bromide replacement reaction with PhC(S) SMgBr. The resulting GOeMIP hybrid shows an outstanding affinity towards 2,4-dichlorophenol (2,4-DCP) over the structurally related compounds in aqueous solution due to the electrostatic interaction originating from the formation of pep stacking. Polystyrene brushes from graphene surface have been synthesized by means of free radical styrene grafting using sulfur-functionalized graphene (S-FG) as a macro-chain-transfer agent by means of RAFT-mediated polymerization using dithiourethane-, dithioesterand dithiocarbonate-functionalized graphene [124] . The RAFT reagents are produced by deprotonation of FG hydroxyl groups by strong base and reaction with carbon disulfide followed by alkylation. The graphene brushes self-assemble to produce nanoribbons and skeleton-like carbon superstructures during melt processing. The melt rheology can monitor both the grafting effectiveness and superstructure formation. The stability of the S-FG dispersion in polystyrene is lost upon hydrolytic cleavage of the dithiocarbonate linker and S-FG is separated quantitatively from polystyrene by solvent extraction. The positively charged poly(dimethyl aminoethyl acrylate), negatively charged poly(acrylic acid), and neutral polystyrene are successfully grafted from graphene surface by "grafting from" technique using RAFT polymerization procedure. Here a pyrene functionalized graphene precursor [RAFT agent (PFRA)] produced by pep interaction between a pyrene terminal RAFT agent and graphene is used for the RAFT polymerization [125] . The pure graphene has 10 times higher conductivity compare to different polymer grafted graphene composites and the composites of different polymers with the same degree of polymerization show similar conductivity. The conductivity significantly decreases for longer the polymer chain length in the grafted graphene. Ye et al. have functionalized graphene nanosheets with PS, PMMA, PMAA, P4VP, PDMA using RAFT technique producing different polymer brushes with multifunctional arms resulting in water soluble, oilsoluble, acidic, basic, polar, apolar solvent soluble graphene [77] . The RAFT agent functionalized graphene is synthesized by the introduction of alkyne groups on the surface of graphene using diazonium chemistry and followed by click chemistry between azido terminated RAFT reagent and alkyne derivative of graphene. Clearly, the solubility of the resulting polymer-functionalized graphene (FG) is strongly dependent on the nature of the grafted polymer; and the solubility properties of polymereFG can be adjusted from water-soluble to oil-soluble, acidic to basic, polar to apolar by selecting a suitable polymer for grafting.
"Grafting to" vs "grafting from" technique
Both the "grafting to" and "grafting from" techniques have control over the grafted polymer from its chain length, molecular weight etc. In the "grafting-to" technique covalently binding of presynthesized and end-functionalized polymer chains takes place to the surface of suitably functionalized graphene sheets under appropriate conditions. The benefit of pre-synthesized polymer is that, one can synthesize it with the help of control living polymerization technique outside. But, during attachment with the graphene surface there is a possibility of low graft density arising mainly due to the steric hindrance and it is very difficult to control the graft density in 'grafting to' technique. Further the attachment of pre-synthesized polymer chain on graphene surface is usually involved with the long reaction time because of the low diffusion constant of polymer.
The "grafting from" approach involves the polymerization of monomers starting from the graphene's surface which is previously modified with a suitable initiator moiety. The rate controlling step of propagation is associated with the diffusion of monomers to the chain ends as the chains are growing from the surface of graphene and therefore yields a well defined brush like structure with high grafting density. Thus grafting from approach overcomes the low grafting density and slow reactivity problem associated with the "grafting to" approach. Another advantage of 'grafting from' approach is the possibility of forming thinner graphene sheets as the initiation starts from the initiator attached to the graphene surface by attachment of the monomer followed by propagation. During the chain propagation the interlayer spacing of graphene may gradually increase with increasing the size of the growing chain resulting in the generation of thin graphene sheets by detachment from the stacked graphene sheet. In the 'grafting to' approach this is a difficult proposition. So 'grafting from' technique is a better approach for graphene modification than 'grafting to' technique particularly for the formation of high graft density and of processable thin graphene sheets in a quicker way.
Non-covalent functionalization
In spite of the covalent functionalization, the non-covalent functionalization on graphene surface with well-defined small molecules and polymers has also been used significantly [126e 134]. In the non-covalent interactions, H-bonding and pep stacking on the graphene surface play an important role. The noncovalent functionalization possesses significant advantages over covalent functionalization as it enhances the solubility without the alteration of extended p conjugation of the graphene sheet but in the covalent functionalization sp 3 defects are created on the graphene ring. Stable aqueous dispersions of graphene sheets using a water-soluble pyrene derivative, 1-pyrenebutyrate (PB-), as a stabilizer are achieved because the pyrene moiety has strong affinity with the basal plane of graphite via p-stacking. This dispersion yields a large area flexible graphene film with a conductivity of 2 Â 10 2 S/m [126] . Self-assembled monolayers on epitaxial graphene are produced with the molecular semiconductor perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) grown on a SiC(0001) surface. The ultra-high vacuum scanning tunneling microscopy indicates that the molecules possess long-range order [127] . Sodium salt of pyrene-1-sulfonic acid (PyS) (an electronic donor), and the disodium salt of 3,4,9,10-perylenetetracarboxylic diimide bisbenzenesulfonic acid (PDI) (an electronic acceptor), are noncovalently functionalized with graphene sheets via pep interactions without disruption of the electronic conjugation of graphene [128] . The negative charges in both the dispersant molecules act as stabilizing species due to the strong static repulsion force between the negatively charged reduced graphene sheets in solution enhancing the stability of the aqueous dispersion of the graphene sheets. As a result, the power conversion efficiency is greatly improved using the above graphene composite film as electrodes in the bulk heterojunction solar cells. [130] . The composite with dendritic morphology exhibits the highest increase of stress (177%), strain at break (45%), toughness (657%) and storage modulus (1005%). Nanocomposites of chitosan are produced using SG and the highest increase of both tensile strength and Young's modulus of 290 AE 7% and 200 AE 7%, respectively than those of chitosan is observed for 5% SG (w/w) content [131] . The strong noncovalent interaction through H-bonding has been attributed for such dramatic increase of mechanical property in both the cases. High performance nanocomposites of a biodegradable and biocompatible polymer, sodium carboxymethyl cellulose (NaCMC), with graphene oxide (GO) are produced by solution casting method from aqueous medium and the H-bonding interaction between eOH, ÀCOOH and epoxy group of GO with the carboxylate ion of NaCMC is the cause of composite formation [132] . Liu et al. have synthesized non-covalently functionalized thermosensitive grapheneepolymer composites via pep interaction between pyrene terminated thermosensitive PNIPAAm and graphene surface (Fig. 11 ) [133] . For this purpose they have synthesized pyrene-terminated thiocarbonylthio RAFT agent which has been used to polymerize NIPAAm to obtain PNIPAAm with pyrene terminal groups to bind GO by pep interaction. This modified hybrid material gives stable homogeneous dispersion in aqueous solution and is thermosensitive in nature exhibiting a lower critical solution temperature (LCST) at 24 C than that of the polymer (33 C). Thus the property modification of covalent binding of PNIPAAm to GO is very similar with the non-covalent functionalization of graphene with pyrene terminated PNIPAAm. Similarly pyrene terminated PDMA and PAA are synthesized using RAFT polymerization and self-assembly of the two oppositely charged grapheneepolymer composites through non-covalent interactions produce layer-by-layer structures [134] . These hybrid materials show phase transfer behavior between aqueous and organic media at different pH values. The pristine graphene sheets (GSs) are non-covalently functionalized with multipyrene terminated hyperbranched polyglycidol (mPHP) through pep stacking.
This surface modified GS can generate and stabilize a variety of metal nanoparticles (Au, Ag and Pt) to produce versatile GS/mPHP/ metal nanohybrids. The GS/mPHP/Au hybrid displays the strongest SERS activity and it is used as an efficient heterogeneous catalyst for the reduction of 4-nitro phenol [135] . The rGO is functionalized with perylene bisimide-containing poly(glyceryl acrylate) (PBIPGA) via pep interaction and the bifunctional N,N 0 -bis{2-[2-[(2-bromo2methylpropanoyl) oxy]ethoxy] ethyl}perylene-3,4,9,10-tetracarboxylic acid bisimide (PBIeBr) is used as an ATRP macroinitiator to synthesize perylene bisimide containing poly(solketal acrylate) which on subsequent hydrolysis gives PBIPGA [136] . This rGOePBIPGA hybrid reveals good dispersity in an aqueous medium and has very low cytotoxicity toward 3T3 fibroblasts after 6 and 24 h of incubation. The chemical reduction of GO in the presence of a conducting polymer poly(3,4-ethylene dioxythiophene) and poly(styrene sulfonate) (PEDOT:PSS) produces non-covalent functionalization of rGO. The non-covalent functionalization occurs through strong pep interactions between the two-dimensional graphene sheet & a rigid backbone of PEDOT and the intermolecular electrostatic repulsions between negatively charged PSS [137] . The resulting rGO/PEDOT hybrid exhibits high conductivity with a controllable transmittance and it's suspension shows fairly good colloidal stability in aqueous medium. The conducting network structure of conducting polymers provides an additional flexibility and mechanical stability towards rGO nanosheets and therefore it may have potential application as highly flexible and transparent electrodes. Bai et al. have reported the noncovalently functionalized graphene with sulphonated polyaniline (SPANI) produced by reduction of GO with hydrazine hydrate in presence of SPANI [138] . The resulting hybrid material forms a good dispersion in water and the composite films of SPANI/rGO shows improved electrochemical stability and enhanced electrocatalytic activity.
Recently the non-covalently functionalized rGO with a triblock copolymer of poly(ethylene oxide)(PEO) and poly(propylene oxide)(PPO) (PEO-b-PPO-b-PEO) has been used to fabricate mechanically strong, conducting graphene/chitosan nanocomposite [139] . This modified graphene containing 6 wt% rGO in the composite film shows electrical conductivity 1.2 S/m and Young's modulus 6.3 GPa, tensile strength 206 MPa and elongation at break 6.5%. The formation of mechanically strong and electrically conducting films is mainly attributed to the uniform dispersion of non-covalently functionalized rGO nanofillers in the polymer matrices to form a compact layered structure. Also Zu et al. have reported non-covalently functionalized rGO with PEO-b-PPO-b-PEO by in situ reduction of GO within PEO-b-PPO-b-PEO matrix by hydrazine and this modified rGO shows stable dispersion in aqueous medium due to the hydrophilic PEO chains extend into water [140] . It forms supramolecular hydrogel with cyclodextrin through penetration of PEO chains into the cyclodextrin cavities to hybridize the welldispersed graphene into a supramolecular hydrogel. On the other hand, non-covalently nafion-functionalized transparent conducting films of graphene have been fabricated via the reduction of GO/nafion dispersant using hydrazine [141] . Actually this nafion functionalized graphene is produced by hydrophobic interaction of nafion with graphene surface and exfoliates the graphene by an electrosteric mechanism.
The non-covalently functionalized rGO with an amphiphilic coile rod-coil conjugated triblock copolymer (PEGeOPEePEG) by pep interaction is produced when GO is reduced with hydrazine in the presence of PEGeOPEePEG (Fig. 12 ) [142] . PEGeOPEePEG contains one lipophilic p-conjugated oligomer and two hydrophilic PEG coils, and the PEGeOPEePEGerGO shows a good dispersion in organic and aqueous solvents. Peponi et al. have investigated the self-organization of the poly(styrene-b-isoprene-b-styrene) (SIS)block copolymer matrix used as the host of graphene nanosheets for the development of transparent thin films for optoelectronic applications [143] . Noncovalent functionalization of rGO with amine-terminated polystyrene shows a stable dispersion in various organic solvents due to the presence of residual carboxylic acid groups which provide the noncovalent functionalization sites to the amine terminated polystyrene [144] . On sonication this noncovalently functionalized rGO shows the phase transfer of graphene sheets from aqueous phase to the organic phase. The non-covalently functionalized rGO with poly(sodium 4-styrenesulfonate) are prepared by coating rGO nanoplatelets with an amphiphilic poly(sodium 4-styrenesulfonate) producing a stable aqueous dispersions of graphitic nanoplatelets [145] . Reduction of GO by hydrazine in presence of cationic polyelectrolyte, poly[(2-ethyldimethylammonioethyl methacrylate ethyl sulfate)-co-(1-vinylpyrrolidone)] (PQ11), produces non-covalently functionalized rGO/PQ11 hybrid showing a stable aqueous dispersion of graphene nanosheets [146] . Due to the electrosteric stabilization and the multipoint attachment of the PQ11 chain with rGO surface, it shows remarkable colloidal stability and can decorate AgNPs which can detect H 2 O 2 without using enzyme. The graphene sheets are also non-covalently functionalized with conjugated poly(2,5-bis(3-sulfonatopropoxy)-1,4-ethynylphenylene-alt-1,4-ethynylphenylene) polyelectrolyte ðPPE À SO 3 À Þ [147] to obtain highly conductive graphene-based materials. This resulting hybrid shows a high quality graphene dispersion in aqueous medium due to the solubility of PPE À SO 3 À in water and due to the interesting optoelectronic properties of PPE À SO 3 À the graphene/PPE À SO 3 À hybrid would realize a variety of optoelectronic applications. Kim et al. have developed hydrophilic to a hydrophobic phase transferable graphene sheets using ionic liquid polymers (PIL) poly(1-vinyl-3-ethylimidazolium) [148] . This non-covalently functionalized graphene sheets with PIL shows stable dispersion in the aqueous phase which is readily transferred into the organic phase by changing their properties from hydrophilic to hydrophobic by the anion exchange treatment. A high performance graphene-based composite with polyurethane and pyrene is prepared by exploiting covalently and noncovalently functionalized rGO [149] . The residual hydroxyl and epoxide groups of rGO enable polyurethane chains to be covalently bonded to the rGO sheets by sequentially reacting with diisocyanate and polyethylene glycol oligomer and the noncovalently bonded polyurethane chains are formed by the pep interaction between rGO and pyrene derivatives. This mixed functionalized structure develops a strong and tough polymer with high ductility due to the H-bonds between the polar functional groups and pep interaction between aromatic elements, the former improves the dispersion of graphene in the matrix and the later enhances the efficiency of interface load transfer. In the non-covalent functionalization of graphene by solution-phase assembly of aminodecane, the alkane chains remain oriented perpendicular to the graphene basal plane. Raman spectra confirm that self-assembly is occurring by a non-covalent process, i.e. the sp 2 hybridization of graphene remains intact. The self-assembly of 1-aminodecane on graphene is a potential route for passivating graphene field-effect devices [150] .
In GO the presence of localized molecular sp 2 cluster within a sp 3 matrix confines the p electrons and the size of sp 2 cluster dictates the local energy gap. Hence, GO at pH4 is fluorescent and non-covalent functionalization with polymers capable of making H-bonds with GO increase the fluorescence intensity [37, 38] . The non-covalent attachment of GO on methyl cellulose (MC) (Fig. 13) shows interesting fluorescent microscopic images of GO-MC hybrids, the morphology of the hybrids at pH 4 is ribbon type but at pH 7 and 9.2 no characteristic morphology is produced.
There is a drastic decrease in PL intensity on addition of nitroaromatics to the GOeMC system and it is very large (91%) for the addition of picric acid. Thus the hybrid system acts as a good sensor for the detection of nitroaromatics by instantaneous photoluminescence quenching with a detectable limit of 2 ppm [37] . Another highly fluorescent GOepolymer hybrid is produced via non-covalent functionalization between GO and poly(vinyl alcohol) (PVA) in acidic medium (pH 4) [38] . The hydrogen bond formation between hydroxy group of PVA and hydroxy groups of GO is evidenced from FTIR spectra. The hybrid is highly fluorescent due to passivation by H-bonding as evident from the Raman spectra. The fluorescent microscopic images of the hybrids exhibit fibrillar morphology and all of them emit highly intensed green light. FESEM micrographs also show fibrillar morphology which is produced due to the supramolecular organization of GOePVA complex. The highly fluorescent GOePVA hybrid has been used as a fascinating tool for selective sensing of Au (III) ions in aqueous media with a detectable limit of w275 ppb.
Characterization
Usually the polymer functionalized graphenes are characterized by microscopy (TEM, AFM), spectroscopic (NMR, FT-IR, Raman, XPS) and thermal (TGA, DSC) techniques. The molecular level dispersion and good interfacial interaction between host polymer and modified graphene are characterized by direct methods such as TEM, SEM, FTIR, XPS and TGA. Short accounts of these characterization techniques are discussed here.
Transmission electron microscopy (TEM)
TEM is an essential technique to characterize the polymer functionalized graphene. A density difference between the central and peripheral regions of polystyrene (PS) functionalized graphene sheets is observed by Fang et al. [100] and they found that PS functionalized graphene sheets show 100 nm average lateral size. They also observed that there occurs a color difference between the central and peripheral areas of each sheets. Yang et al. [106] have shown from TEM study that polymer particles are decorated on the graphene oxide sheets as dark nanodots in GO functionalized poly(dimethyl aminoethyl methacrylate) (PDMAEMA). However, the sheet morphology of GO remains unchanged in the poly(t-butyl acrylate) functionalized graphene [107] .
Atomic force microscopy (AFM)
AFM image and the corresponding height profile graph is an important technique to characterize the polymer functionalized graphene sheets. The AFM study gives the knowledge about the length and thickness of GO and polymer functionalized GO along with morphology. For AFM study the GO sample is prepared by dispersing in water (0.01%) by sonication and drop casting on a freshly cleaved mica surface and the dried sample is observed through the instrument. The thickness of the graphene sheets is measured from AFM height profile graph and similarly the thickness of initiator or polymer functionalized samples are measured from corresponding height profile [100, 104] . The height of initiator functionalized GO and polymer functionalized GO increases from that of pristine GO. Two major populations of height distribution are observed in PMMA functionalized GO i.e. 2 and 4.5 nm and this happens probably due to two different sites of polymerization (side and basal planes) of graphene [104] .
Fourier transformed infrared spectroscopy (FTIR)
FTIR spectra are a vital tool to characterize the both covalent and non-covalent functionalization of GO. 
Nuclear magnetic resonance (NMR)
An NMR spectrum provides the characteristic information about the formation of polymer functionalized graphene. The GO functionalized with PMMA shows characteristic peak at 3.59 ppm for OeCOeCH 3 proton, 1.8 ppm for CeCH 2 eC proton and the peak at 0.73 ppm for eCH 3 proton [104] and it confirms grafting of PMMA from the graphene surface. Similarly the investigation of 1 H NMR spectra in solution provides the confirmation of grafting of polystyrene, PMMA, and poly(n-butyl acrylate) [103] . In case of the noncovalent pep and CHep interactions the NMR peak of ring hydrogens (d ¼ 6.98 ppm) of thiophene rings and methyl protons of hexyl group become broaden and the CH 3 peak at 0.916 ppm shifts to somewhat up field region (0.913 ppm) for the poly(3-hexyl thiophene) and multiwalled carbon nanotube system [152] .
Raman spectroscopy
The carbonaceous materials e.g. carbon nanotube, graphene and nanodiamond exhibit high Raman intensities yielding it as a powerful tool to characterize the functionalized graphenes [153] . The D-band of GO arising from the stretching of sp 3 carbons of graphene sheets occurs at 1366 cm À1 and a G-band arising for the stretching of sp 2 carbon occurs at 1582 cm À1 [154, 155] . The intensity ratio (D/G) is a measure of the extent of disorder present within the graphene [156] and the D/G ratios change on functionalization of graphene as observed by Chang et al. for GO, GOeBr, and GOeMIP having values 0.670, 0.884 and 1.169, respectively which indicates an increase of disorder due to graphene modification [109] . Not only the D/G ratio, but also the Raman shift can infer the interaction between polymer and GO [157] and the shift of G-band is due to the change in the electronic structure of graphene. Usually the G-band shifts to lower frequencies for the electron donor dopants and to the higher frequencies for the electron acceptor dopants [158, 159] . [160, 161] . The C1s XPS spectrum of the sample shows all the C1s energy peaks but the percentage area of the peak at 289.1 eV (OeC]O) increased from 0.97% to 3.85%, indicating the grafting of PDMAEMA chains onto the GO sheets. The PDMAEMA percentage calculated from the increased area of C1s peak is 32 wt% which is very similar to that from the above N1s area calculation.
Thermogravimetric analysis (TGA)
TGA of GO under nitrogen atmosphere looses it's mass below 100 C [82] and it is due to the degradation of oxygen-containing groups e.g. eOH, epoxide and COOH etc. present in it. The thermal stability of the reduced graphene oxide sheets, however, increases compared to GO due to the removal of a large fraction of oxygen containing moieties [162] . In polymer grafted sample, there occurs more weight loss due to the degradation of polymer anchored with the graphene. The difference between the weight losses between the two materials is used to calculate the percent of grafting of polymer in the graphene surfaces. By this method the amount of styrene monomer attached by ATRP shows 82 wt% grafting to the graphene sheets [100] . Exfoliated GO, initiator modified GO, and GO/PDMAEMA nanocomposite are analyzed by TGA and the exfoliated GO exhibits 13 wt% weight loss in the temperature range 100e800 C and it is attributed to the loss of the functional groups e.g. epoxy, eCOOH and eOH groups on the GO sheets. The composite shows 32% weight loss upon grafting of ATRP initiator and the TGA result of GO/PDMAEMA nanocomposites shows 56% weight loss indicating that the weight percentage of PDMAEMA is about 24% [106] .
Applications
Here we are summarizing some of the general applications of polymer functionalized graphene, however, the specific applications of some systems are already presented in the preceding sections. This polymer functionalized graphene acts as an efficient nanofiller in polymer composites to improve its engineering properties and a small quantity of polymer functionalized graphene improve the mechanical, electronic, optical, thermal and magnetic properties significantly. The living radical polymerizations on graphene surface can also produce diverse polymeric architecture promoting graphene from a laboratory to important nanotechnological applications. The conjugated polymer functionalized graphene exhibits typical bistable electrical switching and a nonvolatile rewritable memory effect, with a turn-on voltage of about À1 V and an ON/OFF-state current ratio of more than 10 3 because of strong pep interaction [163] . Some conjugated polymer functionalized graphene like polythiophenes or its derivative composites are widely used in photovoltaic devices [67] and lightemitting diodes etc. Conducting polymers like polyaniline, polypyrrole functionalized graphene composites have a potential application in supercapacitors [164, 165] The supercapacitor devices based on graphene/PANI composite film produced by vacuum filtration of GO and PANI dispersions exhibit large electrochemical capacitance (210 F g À1 ) at a discharge rate of 0.3 A g À1 [164] but supercapacitor devices based on rGO/polypyrrole produced by electrochemical oxidation of pyrrole in aqueous GO dispersion shows a high specific capacitance of 424 F g À1 [165] . The noncovalently polymer functionalized graphene composites generate a variety of sensor applications [37, 38] ; the GO/methyl cellulose and GO/poly(vinyl alcohol) hybrid system acts as a good sensor for the detection of nitroaromatics [37] and Au (III) ions in aqueous media, respectively [38] . The poly(ethylene glycol) functionalized nanographene is used as new vectors for the delivery of cancer drug into the cells [68] . Polymer functionalized graphene reinforced into the matrix polymer with molecular level dispersion and fine interfacial interaction enhances the strength, stiffness, toughness of the composite. These types of composites materials may have potential applications in aerospace and naval engineering. Till now, the applications of polymer functionalized graphene composites are not very abrupt and thus it is extremely required of this type of novel materials for stepping forward together with computational studies. We believe that the exploration of polymer functionalized graphene research will bring us much surprise in the future.
Outlook and challenges
The functionalization chemistry of graphene with polymer has a great prospect and is gaining a considerable momentum for preparation of the solution processable graphene and hence graphene based polymer nanocomposites. The functionalization by welldefined polymers with precise control over molecular weight, polydispersity has its ability to introduce different architectures onto the graphene surface. This would be useful to produce tailor made materials based on the detailed knowledge of their complex structureeproperty relationships for fulfilling the demands in optoelectronic, energy, and engineering materials. The 'grafting from' technique is superior to the 'grafting to' technique in this regard as steric crowding can impose an upper limit on the grafting density. While covalent functionalization ensures a strong and irreversible bond between the polymer and graphene, the weaker non-covalent approach avoids the introduction of sp 3 defect sites on the graphene surface. These non-covalent functionalized graphene with well defined polymer has very good control over the physical, mechanical and electronic properties of the graphene based polymers and also to their composites. The functionalization of graphene with polymer is at its nucleating stage and there is an immense scope for the development of new and improved strategies. The block copolymers from graphene surface using surface initiated ATRP have a wide scope for preparation of optoelectronic materials of specific applications. Selfassembly between the two oppositely charged graphene polymer composites would produce layer-by-layer structures which can find great technological applications. Attachment of graphene with electroactive polymers may find application in the fabrication of photovoltaic devices. Considering its production cost and extended application, graphene shows brighter promise over CNTs. Therefore, the main thrust of future research of graphene may be directed towards fabrication of optoelectronic materials, bio-medical devices, sensors, photovoltaic applications, semiconducting chips apart from the formation of high performance polymer nanocomposites. Overall, the diversity of the polymer structure on the graphene surface has been instrumental in promoting graphene from a laboratory curiosity to an essential component in many technological applications.
